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ABSTRACT: Fire occurrence is one of the most devastating events in residential buildings, among other
civil engineered structures. The importance of providing mathematical tools that support fire risk
assessments is imperative to improve fire containment measurements as well as accident prevention. In
this paper, a novel probabilistic method based on credal networks is proposed to assess the impact on the
expected risk of the variables involved in the cause and prevention of fire events. This approach can
capture the epistemic uncertainty associated with data available in the form of the probability intervals.
This helps to avoid hard assumptions based on the use of crisp probabilities that may lead to unrealistic
results.
A general model is proposed and then adapted to the Grenfell Tower fire by introducing as evidence the
specific conditions of the case study. Different fire scenarios are created to study the effects of the
components involved in the accident. The probabilistic outcomes of those scenarios are used to compute
the expected risk of unwanted factors, e.g., fatalities and fire costs as part of the fire risk assessment.
Different data sources and experts have been consulted to enhance the accuracy and quality of the report.
1. INTRODUCTION
The Grenfell Tower fire that happened on 14 June
2017 left not only a large number of material losses
but also, a fatal casualties toll of 72 and 70 physi-
cally injury cases, Macleod (2018). The impact in
the demographics fatality risk was increased signif-
icantly in purpose-built blocks of flats higher than
10 storeys, i.e., buildings similar to the Grenfell
Tower. In addition to that, the costs due to litiga-
tion, compensations of death or injured inhabitants
as well as demolition and re-building costs sum up
to £1 billion only for this case, Evans (2017). Such
figures make the Tower fire one of the most expen-
sive and most complex accidents reported by the
Met Police in London, BBC NEWS (2018). This
event has shown the vulnerability of such struc-
tures to fire that may lead to costly material loses
as well as tragic casualties. The case of dwelling
and purpose-built flats are of special importance as
actions of inhabitants and conditions of appliances
result in fire accidents and subsequent human and
economic casualties. According to reports of the
UK Home Office Fire Statistics, about 10 fatalities
per 1000 accidental fires happened in dwelling ap-
pliances. This rate is three times higher than for
other facilities such as hospitals, offices or shops,
Home Office UK (2018). Furthermore, the costs as-
sociated with the losses due to fires in the UK sum
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up to £1.5 billion per annum, Matellini (2012).
In order to prevent, and reduce, tragedies like
the one occurred at the Grenfell Tower in Lon-
don, methods that take into account the complex-
ity of the building structure and the factors of fire,
as well as the uncertainty attached to those factors,
are needed. Probabilistic tools like Fault Tree and
Event Tree techniques have been often used to pro-
duce fire risk assessments, Khakzad et al. (2011).
Such analysis tools can represent the dependencies
of the factors that lead to the fire event in a quantita-
tive logical and organised manner. However, some
shortfalls must be noted, for instance, Fault Tree
is not suitable for large systems, especially those
that present common cause failures. More impor-
tantly, several events are assumed to be indepen-
dent, which is rarely found in real systems.
Another probabilistic technique called Bayesian
network has been widely applied in different topics
from artificial intelligence to risk analyses. Such
popularity is due to the representation of the de-
pendability of the elements of an event through
the use of conditional probabilities, Weber et al.
(2012). This method allows predictive and diag-
nostic analyses or a combination of both. Also,
Bayesian networks accept new information, com-
ing from different sources, that can be used to up-
date the model and to adapt it to the new sys-
tem conditions, Korb and Nicholson (2004). The
credal approach contains all the mentioned advan-
tages plus the implementation of interval probabil-
ities encloses the epistemic uncertainty of missing
or defective data.
In this article, it is proposed the use of the credal
network approach, as a robust support tool for fire
risk assessments. This work attempts to deliver
the necessary knowledge to make informed deci-
sions without unreal assumptions and taking into
account the uncertainty and complexity of fire acci-
dents. This methodology is applied to the specific
case of the Grenfell Tower fire as an effort to incor-
porate the rigour of a robust mathematical approach
to the different qualitative analyses in literature as
that produced by Macleod (2018).
2. THEORETICAL FRAMEWORK
2.1. Fire Risk assessment
A "fire scenario" refers to a sequential fire event
connected by the conditions of success or failure
of fire protection measures. The "fire event" is de-
fined as the occurrence of the accident related to
the initiation or growth of a fire or smoke spread,
or the evacuation of inhabitants or firefighting re-
sponse, Yung (2008). The number of fire scenarios
depends on all the possible permutations that can be
built considering the relevant fire protection mea-
sures and the fire hazards.
A fire risk assessment consists of assigning mag-
nitudes and probability measures to the unwanted
fire scenarios and their consequences, Hasofer et al.
(2007). The production of a solid fire risk assess-
ment should cover factors like risk to life, property
and economic losses, loss of business among oth-
ers. To calculate such risks the following equation
is used;
R =∑
i
(Pi ·Ci) (1)
In the equation 1, the expected risk R is given by
the summation of the all probable scenarios. Thus,
the expected risk corresponds to the addition of the
probability of each of the fire scenarios, Pi, multi-
plied by the expected number of consequences Ci
like number of fatalities, for each scenario, Yung
(2008).
The basis of incomplete information must be
taken into account through uncertainty quantifica-
tion which can be divided into two branches. The
first is regarded as "knowledge uncertainty" which
refers to the lack of information about the factors
making up the model, e.g., lack of knowledge about
the number of combustible materials in a room
when firing ignition. The "stochastic uncertainty"
corresponds to the randomness of the events in-
volved in the model, e.g., the fire growth rate in a
certain type of building. Such parameters are con-
sidered when using credal networks.
2.2. Credal networks
A credal network can be regarded as a generali-
sation of Bayesian networks for imprecise and in-
complete probabilities. As in the Bayesian case, a
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credal network is a probabilistic graphical model
to study the systems under uncertainty built from
different types of data sources. The outcomes of
this technique correspond to the probabilistic dis-
tribution of a set of variables when prior informa-
tion about the system and (or not) new evidence
is known, Jensen and Nielsen (2007). The com-
ponents of the system are modelled by, the prob-
abilistic objects called, random variables. How-
ever, probability measurements are not represented
by probability mass functions (P(X)) but by credal
sets (K(X)), Cozman (2000). In the network graph,
the variables are represented by nodes connected
by edges denoting their dependencies. A node is
a child of a parent node only if there is a direct
connection, via an edge, starting on the parent and
finishing on the child node, Korb and Nicholson
(2004).
Since credal sets are part of the imprecise proba-
bility theory, a probability query, different bounds
must be computed for the same query variable.
The lower probability bound P(xq) of an event xq,
known as the queried variable, is given as,
P(xq) = min
P(Xi|pii)∈K(Xi|pii) ∑x1,...,xn\xq
n
∏
i=0
P(xi|pii) (2)
P(xq) = max
P(Xi|pii)∈K(Xi|pii) ∑x1,...,xn\xq
n
∏
i=0
P(xi|pii) (3)
Here, the expression K(Xi|pii) correspond to the
credal set of variable Xi given its parents pii. The
upper bound is computed by obtaining the maxi-
mum of the expression in Equation 3. The prior
probabilities are stored in the conditional probabil-
ity tables. Such prior probabilities must be defined
when modelling the system.
2.3. Inference computation
Calculation of a posterior probability distribution
of a node of interest (queried node, P(x0)) by us-
ing prior probabilities, P(e|x)P(x), and new infor-
mation about the system called evidence, P(e) (al-
though not necessarily), is known as probabilistic
inference or belief updating, Korb and Nicholson
(2004).
Inference computation is the warhorse tool to
perform analyses with Bayesian networks. The
main two analyses are diagnostic and prediction,
Jensen and Nielsen (2007). The implementation of
exact inference methods, e.g. marginalisation, al-
lows the computation of the exact bounds of the
queried variable intervals. Though, such meth-
ods are computationally expensive due to the expo-
nential growth of bound combinations, Tolo et al.
(2018).
3. METHODOLOGY
Unlike other analyses performed with Bayesian
networks available in literature, Matellini (2012),
this fire risk assessment prioritises the quantifica-
tion of the contributions to safety and risk. The
posterior probabilities are used to calculate the risk
value for each factor. The model was built accord-
ing to the procedure shown as follows,
• Definition of variables. All the factors relevant
to the study are defined as well as their depen-
dencies and causalities.
• Data collection and process. Sources of infor-
mation are used to gather information about
the variables in the network. Then, data is
processed to build the conditional probabil-
ity tables with probabilistic information of the
form: probability of an event given certain
conditions.
• Fire scenario definition. Different conditions
are assumed in order to define the fire scenar-
ios by inserting evidence in the required vari-
ables. Specific nodes are queried to study the
consequences of such scenarios.
• Interpretation of data and risk calculation.
The probability values obtained with the infer-
ence method are used to compute and analyse
the risk of the fire scenarios defined.
4. MODEL
4.1. Variable definition
Calculation of a posterior probability distribution
of a node of interest (queried node, P(x0)) by us-
ing prior probabilities, P(e|x)P(x), and new infor-
mation about the system called evidence, P(e) (al-
though not necessarily), is known as probabilistic
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inference or belief updating, Korb and Nicholson
(2004).
The data has been obtained from information
stored in tables developed by data annalists, ex-
pert judgements, newspaper articles and historical
records. During the data collection, it was found
that some variables presented different magnitudes
for the same event depending on the source con-
sulted. Instead of making assumptions or averaging
such values, the model is capable of taking into ac-
count the epistemic uncertainty associated to such
disagreements and/or lack of data by using proba-
bility intervals. Some models present the variables
grouped as stages of fire on different times, e.g.,
Matellini et al. (2018). In this model, the variables
are grouped prioritising the contributions to safety
and to risk.
4.2. Contributions to Safety
In this model, it is assumed that the smoke detec-
tor is contained inside the smoke and fire alarm di-
rectly. The smoke alarms has a probability of 0.184
of reducing fire damage. Its complement, 0.816
corresponds to the probability of successfully con-
tributing to suppress fire. This condition is repre-
sented by its child node fire fighting. The contri-
bution of sprinklers to the fire containment has a
probability of 0.912 being one of the most effec-
tive systems to suppress fire in buildings, Thomas
(2002).
According to Yung (2008) the regular evacua-
tion drills node shows there is a probability of 0.80
of performing successfully drills to evacuate people
more efficiently during a fire. This node is parent as
well as time of day, which contains the information
of the hours during the day for people to be awake
or asleep. The probability of being day hours (from
6:00 am to 12:00 am) was defined as 0.75. Thus,
there is a probability of 0.7 having a fast evacua-
tion (less than 4.2 minutes when having a large fire
according to Yung and Benichou (2002)) when all
conditions are optimal.
In the Table 1002 related to response times in
dwelling fires of the fire statistics data tables of the
(Home Office UK (2018)), it is shown that the suc-
cess of firefighters during the 2013-2014 period was
of 89.44%.
4.3. Contributions to Risk
According to the Fire Statistics data tables, Home
Office UK (2018), the more recurrent causes of
fire in dwellings are as those shown in Figure 1
and have been classified in the network as natu-
ral causes, deliberate causes and installation con-
ditions.
Cooking
appliances 
(29.2%)
Heating appliances 
(3.7%)
Other sources 
(33.2%)
Smoking (6.4 %)
Matches and 
candles (1.6 %)
Electrical equipment (18 %)
Office equipment 
(0.2 %)
Domestic equipment (6.4%)
Figure 1: Main sources of fire ignition in England dur-
ing the 2017/18 period.
Smoking node refers to the case when the inhab-
itants of the building possess objects that are used
to smoke as cigarettes or e-cigarettes. The heuris-
tics process used here is that in 2013, 0.19 of the
British population smokes and from those, accord-
ing to Cancer Research UK (2014), 0.17 live in a
flat, as reported by BBC NEWS (2007). Then, there
is 0.0323 probability that the population that live
in a flat could have a smoking material. However,
there is a probability of 0.05 that smoking activities
caused a fire.
In the report about the UK population (M. Ran-
dall (2017)), it is found that on 2017 18% of the
community were over 65 years. This is expressed
as elderly state of the inhabitants age node.
The fatalities variable represent the probability
of a deathly victim, in a purpose-built flat higher
than ten stories, once a fire has occurred. From
the data recorded in the Fire Statistics tables of the
Home Office UK (2018) ( Tables 0205a and 0205b
of the period from 2009 to 2017), the highest prob-
ability of fatality is 0.09 corresponding to the year
2017. The lowest probability corresponds to 0.0025
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for 2013. This is shown as a rate of fatalities and
the number of fires occurred per year in Figure 2.
This is modelled in the fatalities interval node of the
credal network presented in Figure 3. Table 0801
regarding fire-related fatalities by the hour of the
day, it is reported that only 12.8% of the fire events
happened during the asleep hours during the same
period. However, the slightly more than a quar-
ter (26.8%) of the total fatalities occurred between
midnight and 6:00 am.
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Figure 2: Fire related fatality rate in build-purpose
flats in England, left y-axis circles. Number of fires,
right y-axis stars. During a period from 2009 to 2017.
Data from an internal report of the National
Research Council of Canada (Gaskin and Yung
(1993)) was used to obtain the probability of
the fire size node. The probability intervals are
[0.155,0.183], [0.600,0.630] and [0.187,0.245] for
flashover, non-flashover and smouldering fires, re-
spectively.
5. CASE STUDY: THE GRENFELL TOWER FIRE
The unfortunate accident happened on 14 June
2017 at the Grenfell Tower in London had many
factors that lead to 72 fatalities and many harmed
people. Reports state that the fire was initiated by
a fridge-freezer explosion, Macleod (2018), mod-
elled as a possible cause by the node electrical ap-
pliances. After this tragic event, the fatality rate in
purpose-built flats of ten or more storeys increased
to 91.2 fatalities per 1000 fires in 2017.
After a building renovation that took place on
2015-16, residents were complaining about the
conditions of the fire escape route and safety con-
ditions. It was reported the existence of only one
escape route oftentimes blocked by refuse and the
absence of fire, smoke alarms and sprinkler system
Tucker (2017). During the fire, residents were ad-
vised by the emergency services to remain inside
their flats. This measurement is called the "stay-
put" policy. Such policy, even though it dimin-
ishes mobility to evacuate the building, it was rec-
ommended to protect inhabitants from the flames
and thick smoke accumulated in the lower storeys,
Macleod (2018).
The material used in the external cladding of
the building was aluminium shaped as panels. Al-
though these panels are cheaper, their core is been
proved to be highly flammable being the reason for
a fast fire escalation the early morning of the 14th
June. For this reason, aluminium cladding has been
advised by safety experts to be banned in buildings
higher than four storeys in Germany and the USA
Macleod (2018).
As the fire incident happened during the asleep
night, the ratio of fatalities increased from 26.8%,
as explained in the general model section, to 39.3%.
This new information is considered as evidence in
the fatalities node in the network, given the time of
the fire event represented by the time of day node.
5.1. Fire Scenarios
Definition of the fire scenarios is based on the what-
if analysis, that can be performed through inference
computation in Bayesian networks. Different set-
tings are presented in order to produce a risk as-
sessment with the outcomes of variables that can
be relevant for decision makers. It has to be noted
that the fire occurrence is always present in all of
the scenarios (as the Grenfell Tower fire is being
studied) with the purpose of studying how much the
probability of a disaster could have been reduced if
certain conditions would have been taken.
5.1.1. Scenario 1. Optimistic analysis
In this scenario, the general conditions are set as
good. This means that all the factors involved in
the system are considered as being in working con-
ditions. The purpose of this scenario is to use it as a
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Cooking relatedMechanical fault
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Safety Check Fire Size
Fatalities
Time of day
Human reaction
Inhabitants age
Regular evacuation 
drills
Figure 3: Credal network for fire risk assessment build in OpenCossan, Patelli (2016).
reference to compare it with the rest of the scenar-
ios.
5.1.2. Scenario 2. Grenfell Tower conditions
The state of each of the elements at the moment of
fire is modelled in this scenario. As mentioned in
section 5, safety conditions at the Tower were pre-
carious. It was reported that fire and smoke alarms,
as well as sprinkler system, were not installed.
5.1.3. Scenario 3. Stay-put policy
Scenario 3 is dedicated to the analysis of the "stay-
put" policy that was implemented in the building’s
own safety regulations. Ordering inhabitants to re-
main inside their flats diminishes the capacity of
human reaction. The analysis considers the reaction
of victims as "slow" to study the risk of fatalities
triggered by the emergency-line instructions given
during the fire.
5.1.4. Scenario 4. Fire containment systems
This scenario refers to the fact that safety systems
have a big impact on the development of fire esca-
lation phenomenon when having a fire occurrence.
The nodes related to fire and smoke alarm, sprin-
klers and fire fighting conditions are set as fully
working to compare with the results obtained in
section 5.1.2.
5.1.5. Scenario 5. Cladding influence
One of the most argued causes of fire escalation in
the case Grenfell, is the type of material used for
cladding. This scenario models the effect of using
cladding with a fire-retardant core. By setting up
the cladding node’s state as "non-flammable" the
differences in the outcomes can be compared with
scenario 2 for analysis.
6. RESULTS AND DISCUSSIONS
The probabilities of the queried variables for each
of the fire scenarios are shown in Table 1.
6.1. Fire Scenarios
In Table 1 can be observed that overall, the proba-
bility of having fatalities in optimal conditions, sce-
nario 1, are reduced by two orders of magnitude
compared to those in scenario 2.
The "stay-put" policy implemented during the
Grenfell fire, was such a crucial factor to reduce the
human reaction and increase the number of fatali-
ties. Scenario 3 shows that the interval probability
of fatalities could have been decreased about 5.7
to 7%, compared to that in scenario 2, without the
"stay-put" policy. Such outcomes verify that the hu-
man reaction can be seriously affected by the lack
of mobility of the inhabitants during the fire. The
fatalities also could have been decreased by imple-
menting more fire evacuation routes.
The simulation carried out for scenario 4 showed
on Table 1, demonstrates the influence of having in
good conditions containment system, increases the
probability of having a successful fire containment
6
13th International Conference on Applications of Statistics and Probability in Civil Engineering, ICASP13
Seoul, South Korea, May 26-30, 2019
Table 1: Probability outcomes of queried variables for each fire scenario. The states of each variable are as fol-
lows; Fire occurrence=Yes, Fatalities=Yes, Fire escalation=Fast, Fire containment=Successful.
Variables
Scenarios
1 2 3 4 5
Fire occurrence [7.41E-3, 9.35E-3] [1.20E-4, 1.4E-4] [1.20E-4, 1.4E-4] [1.20E-4, 1.4E-4] [1.20E-4, 1.4E-4]
Fatalities [6.54E-3, 9.12E-3] [0.115, 0.145] [0.047, 0.089] [9.81E-3, 1.15E-2] [0.041, 0.056]
Fire escalation [0.115, 0.221] [0.857, 0.932] [0.857, 0.932] [0.447, 0.502] [0.501, 0.571]
Fire containment [0.825, 0.989] [0.189, 0.311] [0.189, 0.311] [0.862, 0.968] [0.189, 0.311]
to [0.862,0.968] compared with that in scenario 2
that is of only [0.189,0.311]. Also, the influence of
each of the systems; the fire, smoke alarms, sprin-
klers and fire doors, was queried to study the most
effective component to contain fires. It was found
that having sprinkler systems is the most reliable
when the fire is large enough to activate the sen-
sors. It is recommended to install such gadgets in
buildings since they not only contain the fire but
also can mitigate it, Hall (2010). Having the same
type of fire doors as the ones in Grenfell, can be
considered as a national safety issue that has to be
solved.
The successful fire escalation probability, go-
ing from [0.115,0.221] to [0.501,0.571], in sce-
nario 1 and 5 respectively, means an increase of
the flammability of the materials that facilitate fire
propagation. This result confirms that the use of
flammable materials can cause the fast fire spread
occurred at Grenfell.
6.2. Expected risk
Using Equation 1 the expected risk of fatalities can
be computed taking into account the information
in the different reports consulted. From Table 1,
in the period between years 2009 to 2016, on av-
erage there were six fatalities per fire. That value
multiplied by the interval probabilities of fire in the
conditions of scenario 1 results in a risk interval of
[0.044,0.0561] fatalities per fire. The risk of eco-
nomic losses is computed by taking the losses per
fire which corresponds to £1.66 million per fire.
This value multiplied by the same interval proba-
bility of fire results in [£12,328,£15,521] per fire.
In scenario 2, the number of fatalities is 72 and
the economic losses are £1.5 billion. The expected
risk of fatalities results is [0.0086,0.01] fatalities
per fire. The risk of economic losses is given in
the interval [£1.8E5,£2.1E5] per fire.
7. CONCLUSIONS
A credal network is presented in this work with
the purpose of analysing the effect on the risk of
the safety mechanisms once there is the presence
of fire. This is, the model allows to study proba-
bilistically the impact of the conditions of a safety
mechanism (e.g., fire doors) in the event of a fire.
The network also allows to model fires that can be
caused by natural causes or deliberate causes like
fireworks, criminal behaviour, among others.
The results obtained by means of credal net-
works, capture the epistemic uncertainty due to the
lack of information and differences in the values
found in data sources. The posterior probabilities
are used to provide approximations to the expected
risk of fatalities and economic losses. The model
presented aims to be part of a decision support tool
for the improvement of fire safety appliances. Fur-
ther research is being carried out to improve the
model structure using learning Bayesian network
algorithms.
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